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Abstract  
The use of ductile irons for structural applications is increasing thanks to their interesting mechanical properties, which can be
combined with the casting technology to manufacture components having complex geometries. Mechanical properties can be 
adjusted by varying the chemical composition and the heat treatment parameters (temperatures and holding times). In this paper 
the fatigue behaviour of some ductile irons in the as-cast as well as in the austempered conditions was investigated. Push-pull, 
strain-controlled fatigue tests were carried out on ferritic, pearlitic, isothermed and austempered ductile irons covering a range of 
tensile strengths from about 400 MPa to 1300 MPa. Material parameters of the strain-life were fitted on experimental results in 
order to assure compatibility. Despite the wide range of tensile strengths, the fatigue behaviour of the different ductile irons could 
be synthesized on the basis of the plastic strain hysteresis energy. 
© 2014 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of the Norwegian University of Science and Technology (NTNU), Department of 
Structural Engineering. 
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1. Introduction 
Ductile irons (DIs) are structural materials suitable to manufacture mechanical components of complex geometry. 
Austempering heat treatment improves their mechanical properties and can be adjusted to obtain, as an example, 
high fatigue performances or high wear resistance. As a consequence, austempered ductile irons (ADIs) are 
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promising materials, which can substitute cast or forged steels for demanding structural applications such as crank 
shafts, connecting rods and drive trains for wind turbines. 
 
Nomenclature 
b fatigue strength exponent 
c fatigue ductility exponent 
E dynamic modulus of elasticity 
Es modulus of elasticity evaluated by means of a static test 
Nf number of cycles to failure 
'W  plastic strain energy in a unit volume of material per cycle (area of the hysteresis loop) 
H’f fatigue ductility coefficient 
Ha applied strain amplitude 
Va applied stress amplitude 
V’f fatigue strength coefficient 
 
DIs have microstructural features like pores and graphite nodules, which introduce discontinuities in the matrix 
and may result either in bi-modular mechanical behaviour in push-pull tests (Lin and Hung (1996) and Lin et al. 
(1997, 1999)) or not (Hwang (1990), Petrenec et al. (2010) and Samec et al. (2011)). The strain-life, stress-life and 
stress-strain curves of a number of ductile irons in the as-cast and austempered conditions were analysed in view of 
engineering applications by Meneghetti et al. (2013). Push-pull, strain-controlled fatigue tests were carried out on 
ferritic, pearlitic, isothermed and austempered ductile irons covering a range of tensile strengths VR from about 400 
MPa to 1300 MPa. Accordingly, very different stress-life curves were obtained for the different materials, being the 
fatigue strength coefficient in the range from 557 MPa (for the lowest grade DI 400) up to 2174 MPa (for the highest 
grade ADI 1200). By using a new batch of specimens, additional fatigue tests in the very low cycle fatigue regime 
have been performed in the present paper with respect to previous ones. Following the approach proposed in the past 
by Feltner and Morrow (1961), Morrow (1965), Halford (1966) and Ellyin (1997), the fatigue behaviour of the 
different ductile irons was analysed by using the plastic strain hysteresis energy as a fatigue damage index. Despite 
the considerable variation of the static mechanical properties, it is seen that the fatigue behaviour can be rationalised 
on an plastic strain energy basis. 
2. Materials and Methods 
A number of ferritic, pearlitic (DI grade), isothermed (IDI grade) and austempered (ADI grade) ductile irons has  
been fatigue tested according to Table 1, where the microstructure, the chemical composition and the mechanical 
properties are reported. All samples for static and fatigue tests were prepared from Lynchburg raw specimens having 
diameter 25 mm and length 200 mm. Isothermed and austempered materials were obtained by keeping the heat 
treatment parameters within the following range: 
• Austenitization between 800 and 900 °C; 
• Quenching in a salt bath (NaNO3 and NaNO2) between 300 and 400 °C; 
• Cooling at room temperature. 
IDI and ADI specimens were machined after heat treatment. Specimens tested in the present paper came from a 
new batch with respect to those tested previously by Meneghetti et al. (2013) (see Table 1). The typical 
microstructure of the as-cast material (DI400) and of the heat treated material (ADI 1050) is described in Meneghetti 
et al. (2013). 
Table 1. Material mechanical properties and chemical composition. 
Material Microstructure nod/ 
mm2 
Es 
[GPa] 
VR 
[MPa] 
Vp02 
[MPa] 
A 
[%] 
HB 
DI 400 (1st) °,(a) 100% Ferrite 220 160 440 305 19 150 
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DI 400 (2nd) °  100% Ferrite 290 160 449 315 >30 168 
DI 600 (1st) °,(a) 35% Ferrite-65% Pearlite 310 165 722 426 10 220 
DI 600 (2nd) °  25% Ferrite-75% Pearlite 240 165 727 435 12 239 
DI 700 (1st) °,(a) 5% Ferrite-95% Pearlite 244 161 805 487 8.0 244 
DI 700 (2nd) °  5% Ferrite-95% Pearlite 310 161 862 500 8.8 275 
IDI (1st) °°,(a) Pearl.-Ferr. Interconnected 220 170 758 455 10 240 
IDI (2nd) Pearl.-Ferr. Interconnected 290 170 957 645 15 292 
ADI 800 (1st) *,(a) Ausferrite 244 170 858 551 15 270 
ADI 800 (2nd) Ausferrite 310 170 1084 757 17 321 
ADI 1050 (1st ) *,(a) Ausferrite 244 163 1110 794 13 330 
ADI 1050 (2nd) *,(a) Ausferrite 244 163 1160 831 12 350 
ADI 1050 (3rd) * Ausferrite 310 163 1118 805 10 345 
ADI 1200 (1st) * Ausferrite 310 148 1355 1150 10 410 
ADI 1200 (2nd) *  Ausferrite 310 148 1363 1046 11 410 
°: according to UNI EN 1563;   °°: according to ZANARDI STD 101: 2007; *: according to ISO 17804 
(a): from Meneghetti et al. (2013) 
 
Both static and low-cycle fatigue tests were conduced on round specimens. In particular, specimens adopted for 
static tension had a diameter of 6 or 7 mm, while low cycle fatigue tests were conduced on specimens having 
diameter of 5 or 6 mm. Servo-hydraulic testing machines equipped digital controllers were used for the tests along 
with extensometers having gauge lengths of 25 mm or 5 mm, the latter being used for very low cycle fatigue tests to 
avoid buckling of the specimens. A sinusoidal waveform characterised by a nominal strain ratio RH (ratio between 
the minimum and the maximum applied strain) equal to -1 was adopted for strain-controlled fatigue tests. The load 
test frequency was between 0.01 and 3 Hz. The adopted failure criterion was the specimen’s separation. 
Experimental data have been processed according to a recent procedure proposed by Meneghetti et al. (2013), which 
accounts for the compatibility conditions found by Morrow (1965) and reported by Dowling (2007) among the 
material parameters involved in the classical Manson-Coffin strain-life curve: 
 
   cf'fbf
'
f
a N2N2E
HV H                     (1) 
3. Fatigue test results  
During strain-controlled fatigue tests, stress-strain hysteresis loops were recorded according to the details reported 
by Meneghetti et al. (2013). Concerning the DI and IDI grades, it was noted that the measured stress amplitude 
increased during the tests thus revealing the hardening behaviour of these materials. Concerning the ADI grades, it 
was noticed that if the applied strain amplitude is greater than 0.5%, then initially the materials rapidly strain hardens 
and later on a slight softening occurs. Conversely, if the strain level is lower than 0.5%, the material response is 
stable during the fatigue test. The Manson-Coffin curves and the material parameters appearing in Eqs. (1) are 
reported in Figure 1. By considering the stress amplitude measured at half the total fatigue life, the stress vs life 
curves were analysed: for the sake of brevity only the ones relevant to the weakest (DI 400) and the strongest (ADI 
1200) materials are reported in Figure 2. The figure highlights that the fatigue strength coefficient varies by a factor 
of 2029/557=3.64. 
4. Plastic strain energy and fatigue behavior  
Plastic strain energy was used by Feltner and Morrow (1961), Morrow (1965), Halford (1966) and Ellyin (1997) 
as a criterion for fatigue fracture, while more recently heat energy dissipation has been used as a fatigue damage 
criterion by Meneghetti (2007) and Meneghetti and Ricotta (2012). 
1176   G. Meneghetti et al. /  Procedia Materials Science  3 ( 2014 )  1173 – 1178 
 
1.E-5 
1.E-4 
1.E-3 
1.E-2 
1.E-1 
1.E+0 
1.E+0 1.E+1 1.E+2 1.E+3 1.E+4 1.E+5 1.E+6 
Ha total 
Ha plastic 
Ha elastic 
Ha <H0  
Open markers: 1st series 
Filled markers: 2nd series 
H a [
m
/m
] 
DI 400 
Compatible procedure (1st series) 
b=-0.046 
V'f=557 MPa 
E=164000 MPa 
c=-0.667 
H'f=0.194 
 
 
1.E-5 
1.E-4 
1.E-3 
1.E-2 
1.E-1 
1.E+0 
1.E+0 1.E+1 1.E+2 1.E+3 1.E+4 1.E+5 1.E+6 
H a [
m
/m
] 
DI 600 
Ha total 
Ha plastic 
Ha elastic 
 
Compatible procedure (1st series) 
b=-0.056 
V'f=770 MPa 
E=165300 MPa 
c=-0.610 
H'f=0.171 
Open markers: 1st series 
Filled markers: 2nd series 
 
 
1.E-5 
1.E-4 
1.E-3 
1.E-2 
1.E-1 
1.E+0 
1.E+0 1.E+1 1.E+2 1.E+3 1.E+4 1.E+5 1.E+6 
H a [
m
/m
] 
Ha total 
Ha plastic 
Ha elastic 
 
Open markers: 1st series 
Filled markers: 2nd series DI 700 
Compatible procedure (1st series) 
b=-0.057 
V'f=807 MPa 
E=164700 MPa 
c=-0.690 
H'f=0.254 
 
 
1.E-5 
1.E-4 
1.E-3 
1.E-2 
1.E-1 
1.E+0 
1.E+0 1.E+1 1.E+2 1.E+3 1.E+4 1.E+5 1.E+6 
Ha total 
Ha plastic 
Ha elastic 
Ha <H0  
Open markers: 1st series 
Filled markers: 2nd series 
H a [
m
/m
] 
IDI 
Compatible procedure (1st series) 
b=-0.070 
V'f=935 MPa 
E=159300 MPa 
c=-0.521 
H'f=0.104 
 
 
1.E-5 
1.E-4 
1.E-3 
1.E-2 
1.E-1 
1.E+0 
1.E+0 1.E+1 1.E+2 1.E+3 1.E+4 1.E+5 1.E+6 
H a [
m
/m
] 
Ha total 
Ha plastic 
Ha elastic 
run-out 
ADI 800 
Compatible procedure (1st series) 
b=-0.060 
V'f=995 MPa 
E=157000 MPa 
c=-0.476 
H'f=0.057 
Open markers: 1st series 
Filled markers: 2nd series 
 
 
1.E-5 
1.E-4 
1.E-3 
1.E-2 
1.E-1 
1.E+0 
1.E+0 1.E+1 1.E+2 1.E+3 1.E+4 1.E+5 1.E+6 
H a [
m
/m
] 
Ha total 
Ha plastic 
Ha elastic 
run-out 
ADI 1050 
Compatible procedure (1st series) 
b=-0.106 
V'f=1789 MPa 
E=156000 MPa 
c=-0.613 
H'f=0.116 
Open markers: 1st series 
Filled markers: 3rd series 
 
 
1.E-5 
1.E-4 
1.E-3 
1.E-2 
1.E-1 
1.E+0 
1.E+0 1.E+1 1.E+2 1.E+3 1.E+4 1.E+5 1.E+6 
2N f , number of reversals to failure 
H a [
m
/m
] 
Ha total 
Ha plastic 
Ha elastic 
 
ADI 1050 
Compatible procedure (2nd series) 
b=-0.085 
V'f=1576 MPa 
E=157600 MPa 
c=-0.524 
H'f=0.050 
Open markers: 2nd series 
Filled markers: 3rd series 
 
1.E-5 
1.E-4 
1.E-3 
1.E-2 
1.E-1 
1.E+0 
1.E+0 1.E+1 1.E+2 1.E+3 1.E+4 1.E+5 1.E+6 
2N f , number of reversals to failure 
H a [
m
/m
] 
Ha total 
Ha plastic 
Ha elastic 
 
Open markers: 1st series 
Filled markers: 2nd series ADI 1200 
Compatible procedure (1st series) 
b=-0.097 
V'f=2029 MPa 
E=158700 MPa 
c=-0.685 
H'f=0.135 
 
Fig. 1. Manson-Coffin strain-life curves. 
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Fig. 2. Stress-based fatigue curves (material parameters were found by fitting the test results of the 1st series only). 
Figure 3 reports the energy based fatigue curves having the expression: 
 
const)N2(W f
k  '                      (3) 
 
where k is the inverse slope of the curve, which interpolates the experimental results and 'W is the stabilised 
value (or value measured at 50% of the total fatigue life) of the plastic strain hysteresis energy per cycle. Data 
reported in Figure 3 are only those for which a sufficiently wide hysteresis loop was measured. At longer lives the 
hysteresis loop was very narrow so that the measurement uncertainties made the experimental data meaningless. 
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Fig. 3. Plastic-strain energy per cycle versus fatigue life. 
Being the exponent k greater than one (see Figure 3, k=1/0.730o1.37) and W approximately constant during the 
fatigue life, it is seen that the total plastic strain energy expended at fracture is not a material constant, but it 
increases the longer is the fatigue life, according to Feltner and Morrow (1961), Morrow (1965) and Ellyin (1997). 
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By comparing Figures 2 and 3, it is interesting to note that although the fatigue behaviour of the different DI grades 
is very different in the stress-life domain (see Figure 2), the fatigue behaviour can be rationalised into a single scatter 
band by using the plastic strain hysteresis energy (Figure 3). Then, from the structural engineering point of view, the 
chemical composition and the heat treatment modify the stress-strain behaviour of the material, but the plastic strain 
hysteresis energy absorption has a unique relation with the fatigue life. 
5. Conclusions  
The paper analysed the influence of the heat treatment on the low-cycle fatigue behaviour of spheroidal graphite 
irons. In particular ferritic, pearlitic, isothermed and austempered ductile irons were fatigue tested in the low cycle 
fatigue regime and the material parameters of the strain-life curve were fitted on experimental results according to a 
procedure previously published which takes into account compatibility conditions. After that, the fatigue behaviour 
of all materials was analysed by using the plastic strain hysteresis energy as a fatigue damage index. As a result, all 
experimental data collapse into a single scatter band, i.e. the fatigue behaviour of the tested ductile irons is unique on 
an energy basis. 
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